The human and simian immunodeficiency viruses encode at least six gene products that apparently serve regulatory functions. To evaluate the regulation of simian immunodeficiency virus gene expression at the level of RNA splicing, we used the polymerase chain reaction to amplify and clone cDNAs corresponding to a large array of mRNAs from infected cells. We identified mRNAs that used splice acceptor sites upstream of the initiator codons for tat, rev, vpr, nef, vif, and vpx, suggesting that these proteins may be expressed from different mRNAs. We also provide hybridization data suggesting that the same splice acceptor site may be used for both rev and env mRNAs. Furthermore, we isolated both tat and rev cDNAs that utilized three alternative splice acceptor sites at the start of coding exon 2, indicating that different versions of these proteins may be encoded. Finally, approximately 10 to 20% of simian immunodeficiency virus mRNAs spliced an intron from their untranslated 5' ends, and sequences contained within this intron constituted a portion of the tat-responsive TAR element. Thus, alternative pre-mRNA splicing adds a level of complexity to simian immunodeficiency virus expression, which may affect several levels of gene regulation.
The human and simian immunodeficiency viruses encode at least six gene products that apparently serve regulatory functions. To evaluate the regulation of simian immunodeficiency virus gene expression at the level of RNA splicing, we used the polymerase chain reaction to amplify and clone cDNAs corresponding to a large array of mRNAs from infected cells. We identified mRNAs that used splice acceptor sites upstream of the initiator codons for tat, rev, vpr, nef, vif, and vpx, suggesting that these proteins may be expressed from different mRNAs. We also provide hybridization data suggesting that the same splice acceptor site may be used for both rev and env mRNAs. Furthermore, we isolated both tat and rev cDNAs that utilized three alternative splice acceptor sites at the start of coding exon 2, indicating that different versions of these proteins may be encoded. Finally, approximately 10 to 20% of simian immunodeficiency virus mRNAs spliced an intron from their untranslated 5 ' ends, and sequences contained within this intron constituted a portion of the tat-responsive TAR element. Thus, alternative pre-mRNA splicing adds a level of complexity to simian immunodeficiency virus expression, which may affect several levels of gene regulation.
The genomes of human (HIV-1 and HIV-2) and simian (SIV) immunodeficiency viruses are more complex than the genomes of most other retroviruses. In addition to encoding gag, pol, and env, which are found in all replicationcompetent retroviruses, the primate immunodeficiency viruses each encode at least six other proteins, tat, rev, vif, vpr, and nef and either vpx (HIV-2 and SIV) or vpu (HIV-1). Most of these proteins have been shown to be either positive or negative regulators that affect various aspects of viral expression or infectivity (reviewed in references 8, 18, and 39) .
Each of these regulatory proteins is believed to be expressed from spliced, subgenomic-length mRNAs. Furthermore, there is evidence indicating that the temporal accumulation of at least some of these mRNAs is regulated and may be important in the viral life cycle. In the early stages of HIV-1 infection of H9 cells, small, multiply spliced mRNAs, presumably encoding the regulatory proteins, accumulate preferentially; in the later stages, there is an increase in the accumulation of both singly spliced and unspliced mRNAs (23) . These studies support a model (1, 8, 10, 11, 18, 36, 41) of the HIV-1 life cycle in which tat and rev are proposed to modulate early and late phases of viral infection. According to this model, the early phase is marked by the expression of the trans-activator protein, tat, which is a positive regulator of long terminal repeat (LTR)-directed gene expression (3, 37) . tat stimulates viral gene expression, which in the absence of rev results in the accumulation of multiply spliced mRNAs, including those encoding tat and rev. The transition to the late phase is marked by the action of the rev protein, which is a positive regulator thought to facilitate the generation or nuclear export, and therefore the cytoplasmic accumulation of viral mRNAs containing a rev-responsive element located within env coding sequences (2, 9, 11, 17, 26) . Included among these rev-responsive mRNAs are the unspliced and singly spliced mRNAs encoding the virionassociated gag, pol, and env proteins. Late expression of rev is also proposed to downregulate the accumulation of the multiply spliced mRNAs encoding the regulatory proteins. This later point is supported by recent evidence indicating that rev expression may downregulate the accumulation of at least some of the multiply spliced mRNAs (2) .
These temporal changes in the accumulation of viral mRNAs are apparently important; however, insufficient information concerning the splicing patterns of individual mRNAs hinders thorough evaluation of their significance. For example, it is not known whether each regulatory protein is encoded by an individual mRNA or whether some are encoded by multifunctional mRNAs. Nor is it known whether some proteins can be encoded by more than one mRNA. Here we examine the splicing patterns of mRNAs expressed by SIV (isolate BK28) from a rhesus macaque (SIVmac) (25) . This analysis provides the opportunity to define the molecular functioning of a virus quite similar to HIV-1 and especially HIV-2 and provides the eventual possibility of examining the significance of these features in an in vivo animal model of lentivirus infection and pathogenesis. We demonstrate that pre-mRNA splicing in SIVmac is more complex than previously thought, and these data add a level of complexity to SIVmac expression which affects several levels of gene regulation. (30, 25) of singlestranded cDNAs with specific primers. Each PCR reaction mixture contained 2.5 U of Taq polymerase (Cetus-Perkin Elmer Corp.), 100 pmol of each primer, 1.5 mM MgCl2, 50 mM KCl, 10 mM Tris (pH 8.3 at 25°C), and 0.01% gelatin. All amplifications were performed for 35 cycles in a DNA thermal cycler (Cetus-Perkin Elmer), with each cycle consisting of a 45-s denaturation step at 94°C, a 1-min annealing step at 55°C, and a 2.5-min extension step at 72°C. The final extension step was prolonged to 10 min to complete the synthesis of any partial amplification products. Immediately after the last cycle, the amplification products were extracted two times with phenol-chloroform and then precipitated with ethanol. The amplified fragments were digested with appropriate restriction enzymes, gel purified, and cloned into pUC18.
Oligonucleotides. Oligonucleotides were synthesized on a BioSearch model 8750 DNA synthesizer (Fig. 1) .
Colony hybridizations. Colonies were grown directly on nitrocellulose filters and processed for hybridization as described previously (15 within U5, placed upstream of the chloramphenicol acetyltransferase (CAT)-coding region of pSVOCAT (14) . p60CAT was derived from pSHCAT by replacing LTR sequences from positions +34 (BanIl) through +218 (HincIl) with a double-stranded oligonucleotide corresponding to nucleotides +34 through +60. Therefore, p60CAT contains LTR sequences including the entire U3 region and extending to the splice donor site at the beginning of the 5' intron within R. The tat-expressing plasmids pSCT8785, pSCT8788, and pSCT8803 were constructed by inserting the tat-coding region from different cDNA clones between the simian virus 40 early promoter and large-T polyadenylation sequences of pSV2CAT (14) . HindIII-XmnI restriction fragments from the cDNA clones were inserted between the HindlIl and HpaI sites of pSV2CAT. The numbers used in these clone designations refer to the splice acceptor sites used in the parental cDNA.
Transfections and CAT assays. Transfections into HeLa cells and CAT assays were performed as described previously (40) .
RESULTS
Isolation of cDNA clones representing rev mRNAs. We previously demonstrated that the existence of alternative splice acceptor sites located at nucleotides 8788 and 8803 at the beginning of coding exon 2 allows the production of different forms of the SIVmaC tat and rev mRNAs (40) . Examination of the nucleotide sequence in this region revealed a third potential splice acceptor site at nucleotide 8785. To determine which of the three splice acceptor sites at the beginning of tatlrev coding exon 2 is used by the virus, we cloned and characterized SIVmac tat and rev cDNAs by PCR amplification (30, 35) . A 5' primer (PCRAR) homologous to the R region of the LTR and a 3' primer (PCR25), homologous to the 3' end of the rev reading frame ( Fig. 1 ) were used to amplify single-stranded cDNA synthesized from total RNA from chronically SIVmac-infected HuT78 T cells. This primer pair was expected to amplify both tat and rev cDNAs.
A large number of clones representing the predominant 550-base-pair (bp) (314 colonies) and 750-bp (261 colonies) products of this amplification were analyzed by hybridization with oligonucleotide probes (PBA, PBB, and PBC) specific for the three predicted splice junctions, referred to as A (nucleotide 8785), B (nucleotide 8788), and C (nucleotide 8803) ( Fig. 1 and 2 ). These probes hybridized to different subsets of colonies, indicating that all three splice acceptor sites were used. The A site was the one most commonly detected (59 and 63% of the 550-and 750-bp clones, respectively), and the C site was the least commonly detected (2% of the 550-and 750-bp clones). In addition, 26 colonies (-4%) did not hybridize with either oligonucleotide probe.
To further characterize these cDNAs, 33 clones each of the 550-and 750-bp fragments that hybridized with the oligonucleotide probes were analyzed by restriction enzyme digestion. Representative clones were then sequenced. Although we expected that the two major classes (550 and 750 bp) would be the cDNAs of tat and rev mRNA, they both proved to be rev, since they used a splice acceptor (position 6488) just before the rev initiator codon and therefore beyond the tat initiator codon (Fig. 2) . These results indicate that, like HIV-1 (34), SIVmac encodes different tat and rev mRNAs. Furthermore, since these rev mRNAs have three splice acceptor sites at the beginning of coding exon 2, SIVmac can encode three forms of rev ( Fig. 2 and 3B) . The difference between the 750-and 550-bp clones was found to be the presence or absence of an intron located near the 5' end of these cDNAs (between positions 566 and 712; Fig. 2 , pREV6I2 versus pREV4I1). Therefore, rev mRNA exists in at least six forms. In addition, restriction digestion and sequencing data showed that 2 of 33 clones of the 550-bp species contained an extra noncoding exon with borders at nucleotides 5188 and 5220 (Fig. 2, pREV4I21 ). So the total number of rev mRNA species is at least seven.
Identification of cDNA clones representing the 5' end of nef mRNAs. The 26 clones that did not hybridize to probes for the tat/rev splice junctions fell into three classes based on the restriction enzyme and DNA sequencing analyses (Fig. 2) . These classes are represented by clones pNEF4I32, pNEF4I25, and pNEF6II42. Each of these cDNAs contained the same untranslated exons at their 5' ends as found in the rev clones; however, these exon(s) were spliced directly to the most 3' splice acceptor sites of tatlrev coding exon 2. The first initiator codon in these mRNAs will not occur until the beginning of the nef reading frame. It therefore seems likely that these 26 clones represent the 5' untranslated portion of nef mRNA.
Isolation of cDNA clones representing the 5' end of tat and vpr mRNAs. None of the cDNA clones in our initial analysis included the tat initiator codon, suggesting that tat mRNAs are rare relative to rev mRNAs in chronically infected cells. To identify cDNAs derived from the 5' end of tat mRNAs, we synthesized a primer (PCRTAT S') homologous to a region just downstream of the tat initiator codon. The primer pair PCRAR-PCRTAT 5' allowed amplification of a major fragment of approximately 230 bp and some less abundant larger fragments. Plasmid clones of each size class were analyzed by restriction enzyme digestion and DNA sequencing. The 230-bp cDNAs contain a junction that joins a small untranslated S' exon to an exon that starts just before the vpr open reading frame (Fig. 2, pS'.1) . Interestingly, these clones may represent an unusual mRNA species, since they do not use conventional splice donor and/or acceptor sites (see Discussion). That they exist as RNA in infected cells was demonstrated by Si nuclease protection analysis (data not shown). Therefore, these cDNAs are not an artifact of the PCR; however, their significance is unclear.
Restriction digestion of 88 clones representing the collection of larger fragments showed that they fell into seven classes (Fig. 2) . These classes are represented by pS'L33, pS'L3, pTATS'20, pTATS'2, pTATS'48, pTATS'35, and pTATS'43, and they most likely correspond to the 5' ends of either tat or vpr mRNAs (Fig. 2) . The transferred to nylon-backed nitrocellulose filters. The filters were cut vertically into strips, and each strip was hybridized with a different oligonucleotide probe. Also included in each hybridization were filters containing RNA from uninfected cells and filters containing known amounts of in vitrosynthesized cDNA-derived RNAs. These latter filters controlled for the specificity of the oligonucleotide hybridizations.
Northern blots were first hybridized with oligonucleotide probes specific for the rev (nucleotides 972 and 6488) or tat (nucleotides 972 and 6276) splice junction (Fig. 4) . The rev probe (PBREV) hybridized to both 4.5-and 2.0-kilobase (kb) mRNAs, suggesting that the same splice acceptor site is used for most env and rev mRNAs. In contrast, the tat probe (PBTAT) failed to hybridize detectably to any mRNA species, suggesting that tat-specific mRNAs are of low abundance in chronically infected cells. These results are consistent with our failure to detect tat mRNAs in the initial rev and nef amplifications. However, tat may also be encoded by bifunctional mRNAs, perhaps like those identified as encoding vpr (Fig. 4B) . However, this did not interfere with the interpretation of the PBREV probe or with probe PBU, PBS, PBY, or PBZ (see below).
We next hybridized Northern blots with probes specific for some of other splice junctions we detected in cDNAs. Probes PBY (junction of nucleotides 972 and 5188) and PBZ (nucleotides 972 and 5671), which detect mRNAs with splice acceptors located within the pol and vif regions, hybridized specifically with 6-and 5-kb RNAs, respectively. Since the vif and vpx initiator codons are the first ones present downstream of those splice acceptor sites, these mRNAs are tentatively identified as encoding vifand vpx. It is interesting to note that these mRNAs are large enough to contain the rev-responsive element located within the common tatlrev intron (9, 11, 17, 26) . Therefore, their expression may be regulated by rev. Probe PBY also hybridized nonspecifically with 28S rRNA. Both PBY and PBZ also hybridized with an RNA of approximately 9.4 to 9.5 kb that was present in infected cells. Hybridization to this band was not consistent, and in some instances other probes also hybridized with it. The identity of this larger band is not known.
Northern blots were also hybridized with probes specific for either the spliced (PBS) or unspliced (PBU) 5' ends of SIVmac mRNAs (Fig. 4) . Both probes hybridized to 9.6-, 4.5-, and 2.0-kb mRNAs; however, the unspliced mRNAs were about 5-to 10-fold more abundant than the spliced mRNAs. These results indicate that, for each of the three major classes of SIVmac mRNA, about 10 to 20% of the messages from chronically infected cells have the small intron within the 5' LTR removed.
The 5' intron of SIVmac mRNAs overlaps the TAR element.
The intron spliced from the 5' end of SIVmac mRNAs extends from nucleotide positions +60 through +206, relative to the start of transcription. Its location suggested that it might overlap the TAR element, required for response to tat-mediated trans activation (19, 29, 33) . To determine whether sequences contained within this intron constitute a portion of TAR, we constructed a plasmid (p6OCAT) containing SIVmac LTR sequences encompassing the entire U3 region and extending to the splice donor site for the 5' intron. These viral sequences were placed upstream of the bacterial gene for CAT (Fig. 5 ). p6OCAT and another LTR-CAT fusion gene, pSHCAT (40) , containing the entire SIVmac TAR element, were independently cotransfected into HeLa cells along with various tat-expressing plasmids. These latter plasmids, pSCT8785, pSCT8788, and pSCT8803, were constructed by placing cDNAs representing the three spliced forms of tat under the transcriptional control of the simian virus 40 early promoter (Fig. 5) . The levels of expression of pSHCAT and p6OCAT were measured by an enzymatic assay for CAT activity (Fig. 5) (6, 13) and in HIV-2 (16). In SIVmac, these stop codons are selected for or against, depending on whether the virus is propagated in human or simian cells (21, 24) . In some cases, this selection involves deletions that remove one or both 5' splice acceptor sites but that retain the 3' splice acceptor site (21) . In all cases examined at least one of the three alternative splice acceptor sites is retained; therefore, presumably so is the ability to splice into tat/rev coding exon 2. Since the coding exon 2 portion of SIVmac tat is required for full activity (40) , retention of at least one splice acceptor site is most likely required for viral replication. Therefore, the presence of the three alternative splice acceptor sites may be a consequence of the selective pressures exerted on this region in different cell types. Whether they are used by viruses that do not contain the stop codon alternation is being examined.
One species of cDNA that we isolated (p5'.1) represents an mRNA with an unusual junction that joins a small untranslated 5' exon to an exon beginning just before the vpr open reading frame. Comparison of the cDNA and provirus sequences indicated that imperfect direct repeats are located at the boundaries of the intron removed from this mRNA. Because of these repeats, the precise borders of the intron cannot be determined. If these cDNAs represent a spliced mRNA, then both the splice donor and splice acceptor sites must be contained within the repeated sequence 5'-ACU AGCA-3' (donor, nucleotides 559 through 565; acceptor, nucleotides 6117 through 6123). However, this sequence does not contain a site closely matching a consensus splice donor (28) . These cDNAs do not represent an artifact of PCR, since S1 nuclease protection analysis demonstrated that mRNAs containing this junction were present in the infected cells (data not shown). An alternative explanation for these cDNAs is that they represent the primary transcript from a provirus with an internal deletion. This possibility is being examined. (19, 29, 33) . At least a part of the mechanism of tat action in HIV-1 requires an RNA hairpin structure adopted by the TAR element (4, 5, 12, 29, 32 
